Growing evidence suggests that galectin-3 is involved in fine tuning of the inflammatory responses at the periphery, however, its role in injured brain is far less clear. Our previous work demonstrated upregulation and coexpression of galectin-3 and IGF-1 in a subset of activated/proliferating microglial cells after stroke. Here, we tested the hypothesis that galectin-3 plays a pivotal role in mediating injury-induced microglial activation and proliferation. By using a galectin-3 knock-out mouse (Gal-3KO), we demonstrated that targeted disruption of the galectin-3 gene significantly alters microglia activation and induces ϳ4-fold decrease in microglia proliferation. Defective microglia activation/proliferation was further associated with significant increase in the size of ischemic lesion, ϳ2-fold increase in the number of apoptotic neurons, and a marked deregulation of the IGF-1 levels. Next, our results revealed that contrary to WT cells, the Gal3-KO microglia failed to proliferate in response to IGF-1. Moreover, the IGF-1-mediated mitogenic microglia response was reduced by N-glycosylation inhibitor tunicamycine while coimmunoprecipitation experiments revealed galectin-3 binding to IGFreceptor 1 (R1), thus suggesting that interaction of galectin-3 with the N-linked glycans of receptors for growth factors is involved in IGF-R1 signaling. While the canonical IGF-1 signaling pathways were not affected, we observed an overexpression of IL-6 and SOCS3, suggesting an overactivation of JAK/STAT3, a shared signaling pathway for IGF-1/IL-6. Together, our findings suggest that galectin-3 is required for resident microglia activation and proliferation in response to ischemic injury.
Introduction
Microglial cells are the principal immune cells of the brain and they react to modifications in the cellular environment through a graded response termed activation. Activation includes phenomena such as changes in morphology, proliferation, and migration of the resident cell population (Hansson and Rönnbäck, 2003; Raivich, 2005; Hanisch and Kettenmann, 2007) , ultimately leading to an inflammatory cascade promoting the synthesis and the secretion of inflammatory cytokines and trophic factors. It has been now well established that activated microglial cells can act as a double edge sword. Indeed, microglial cells can produce reactive oxygen and nitrogen species, cytokines such as IL-1␤ and TNF-␣, which promote neuronal death (Allan and Rothwell, 2001; Alexandrova and Bochev, 2005; Allan et al., 2005; Lai and Todd, 2006) . On the other hand, many groups, including ours, demonstrated beneficial role of microglial cells by their capacities to produce trophic factors (O'Donnell et al., 2002; Nakajima and Kohsaka, 2004; Lalancette-Hébert et al., 2007) or play a role in phagocytosis (Neumann et al., 2008) .
One of the characteristic features of the injury-induced microglial activation is a massive proliferation of the resident cells peaking 48 -72 h after injury (Ladeby et al., 2005) . By using a CD11bTK mouse model in which we selectively ablated the population of proliferating microglial cells by ganciclovir, we observed that a great majority of the proliferating resident microglial cells coexpress Mac-2/galectin-3 and insulin-like growth factor-1 (IGF-1) (Gowing et al., 2006; Lalancette-Hébert et al., 2007) . The fact that in the first 72 h after stroke, galectin-3 was indeed expressed by the resident microglial cells rather than infiltrating monocytes, was further confirmed in studies using chimeric mice in which the peripheral bone-marrow derived cells of myeloid origin were labeled with GFP (Lalancette-Hébert et al., 2007) . While IGF-1 is a known autocrine/paracrine mitogen for microglia/macrophages after hypoxic/ischemic injury, the role of galectin-3 in microglial activation/proliferation is less clear. Galectin-3 belongs to a 15-member galectin family (␤-galactosidase binding proteins), and growing evidence suggests that galectins may be involved in fine tuning of the inflammatory response (for review, see Rabinovich and Toscano, 2009 ). While recently galectin-3 has been increasingly used as a marker of microglial activation, its biological role and the molecular mechanisms of its action in the injured brain remain unclear. Based on our findings, we hypothesized that galectin-3 may serve as endogenous mediator of injury-induced microglial activation/proliferation.
To test this possibility, we took advantage of the galectin-3 knock-out (Gal-3KO) mouse. Here, we report that the genetic depletion of galectin-3 induces aberrant microglial activation followed by a deficient microglial proliferation and a decrease in the total number of microglial cells after ischemia. This was further associated with significant increase in the size of ischemic lesion, the number of apoptotic cells, predominantly neurons, and by aberrant responses to IGF-1-mitogenic signals. Together, our findings suggest that galectin-3 plays a pivotal role in mediating injury-induced microglial activation and proliferation.
Materials and Methods

Mouse models
Galectin-3 null mutant mice (C57BL/6 background) were obtained from NIH-supported functional glycomics consortium (www.functional glycomics.org). The mice were generated by standard gene targeting techniques as described previously (Colnot et al., 1998) . Wild-type C57BL/6 (WT) and galectin-3 null mutant mice (C57bl/6 background) were used for our experiments. The galectin-3 null mice (Gal-3KO) were genotyped by PCR with Thermus aquaticus DNA polymerase (GE Healthcare) in 1.7 mM MgCl 2 PCR buffer with the following primers: WT,5ЈAGGGCCAGTCCCTTAACAACand5ЈGGGCACATCCTCTCAT TTGT; Gal3-KO, 5Ј CTTGGGTGGAGAGGCTATTC and 5ЈAGGTGA GATGACAGGAGATC. The PCR conditions were as follows: 95°C, 5 min, 30 cycles (94°C, 30 s; 62°C, 30 s; 72°C, 3 min); 72°C, 10 min. All experimental procedures were approved by the Laval University animal care ethics committee and are in accordance with The Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care.
Surgical procedures
Unilateral transient focal cerebral ischemia was induced by middle cerebral artery occlusion (MCAO) during 1 h followed by 24 or 72 h reperfusion periods (Belayev et al., 1999; Beaulieu et al., 2002; Lalancette-Hébert et al., 2007) . The MCAO was performed on 2-3-month-old male Gal-3KO mice and WT C57bl/6 mice (20 -25 g). The animals were anesthetized with 2% isoflurane in 100% oxygen at a flow rate of 2 L/min. To avoid cooling, the body temperature was regularly checked and maintained at 37°C with a heating pad. Under an operating microscope, the left common carotid artery and ipsilateral external carotid artery (ECA) were exposed through a midline neck incision and were carefully isolated from surrounding tissue. The internal carotid artery (ICA) was isolated and carefully separated from the adjacent tissue and a 12-mm-long 6 -0 silicon-coated monofilament suture was inserted via the proximal ECA into the ICA and then into the circle of Willis, thus, occluding the MCA. The size of the infarct was estimated using 2% solution of 2,3,5 triphenyltetrazolium chloride (TTC) (Sigma) vital die, dissolved in saline, and stained for 20 min at 37°C in the dark. The relative size of the infarction was measured by using the Scion image-processing and analysis program, calculated in arbitrary units ( pixels), and expressed as a percentage of the control, nonstroked area in the contralateral nonischemic hemisphere (100%) for each section . All animals were allowed ad libitum access to water and food before and after surgery.
Tissue collection
The animals were anesthetized via an intraperitoneal injection of chloral hydrate (10 mg/ml) and transcardially perfused with 30 ml of 0.9% NaCl, followed by PBS-buffered 4% paraformaldehyde (PFA) at pH 7.4. Tissue samples were then postfixed overnight in 4% PFA and equilibrated in phosphate-buffered 20% sucrose for 48 h. Brains were embedded into Tissue-Tek (O.C.T. compound; Sakura), frozen at Ϫ80°C overnight, and cut into coronal sections (35 m thick) with a Cryostat and stored at Ϫ20°C.
BrdU labeling
To visualize dividing cells, mice were injected intraperitoneally two times with bromodeoxyuridine (BrdU; 50 g/g mouse weight in saline) 24 h before being killed. Mice were anesthetized and transcardially perfused with PBS and 4% PFA. The brains were removed and postfixed overnight in 4% PFA. All brain samples were prepared for immunofluorescence manipulation.
Immunohistochemistry
Immunohistochemistry was performed according to the following procedures. Brain sections were blocked in PBS containing 5% goat serum and 0.25% Triton X-100. Attenuation of endogenous peroxidases was done by incubation in 0.6% hydrogen peroxide. Using the same buffer solution, the sections were then incubated overnight at room temperature in primary antibody rabbit polyclonal anti-Iba1 (ionized calciumbinding adapter molecule 1; Wako) and rat anti-Mac-2 (American Type Culture Collection). Incubation for 2 h at room temperature in corresponding biotinylated goat secondary antibody (1:500; Jackson ImmunoResearch) was performed. For the amplification of the positive signal, incubation in a complex of avidin-biotine solution (Vectastain ABC Kit; Vector Laboratories) was performed. Staining was developed for in nickel-DAB solution (0.3%) or in peroxidase substrate kit Vector SG (Vector Laboratories). Each of the above steps was followed by four 5 min rinses in TBS-0.25% Triton X-100. The sections were then dehydrated and coverslipped with DPX (a mixture of distyrene, tricresyl phosphate, and xylene; Electron Microscopy Sciences).
Immunofluorescence
As previously described (Lalancette-Hébert et al., 2007) , the sections were then incubated overnight at room temperature using primary antibodies, 1:750 rabbit polyclonal anti-Iba1 (Wako), 1:1000 antiMac2 (ATCC), 1:500 anti-cleaved caspase 3 (New England Biolabs), and 1:1000 rat polyclonal anti-BrdU (Axyll). After wash in PBS, the sections were incubated in corresponding fluorescent goat secondary antiserum (Invitrogen).
Protein analysis
Cytokine and growth arrays. The protein expression analysis of inflammatory cytokine was performed with a mouse antibody array (RaybioMouse Inflammation Antibody Array 1.1, Ray Biotech, #AAM-INF-1L). Protein lysates were obtained by homogenization of brain of control and transgenic mice in 1ϫ cell lysis buffer (included in the Ray Biotech kit) with protease inhibitor cocktail (Sigma #P8340). The protein concentration was determined for each sample and diluted at 500 g in 1ϫ blocking buffer. Samples for each group (3 mice/group) were pooled and incubated with the array membrane overnight at 4°C. After washes, the membranes were incubated with the biotin-conjugated antibodies overnight at 4°C. The membranes were then processed according to Raybiotech protocol. Membrane were exposed to x-ray film (Kodak film Biomax MR1, #8701302) and analyzed by Agfa Arcus II system and ImageJ software.
Protein analysis-immunoblot. Immunoblot analyses of phosphoproteins were performed as described previously (Beaulieu et al., 2004 (Beaulieu et al., , 2008 . Briefly, mice were killed by decapitation, after which the heads of the animals were immediately cooled by immersion in liquid nitrogen for 6 s. The stroked and control brains were rapidly dissected out on an ice-cold surface and frozen in liquid nitrogen before protein extraction. Tissue samples were homogenized in boiling 1% SDS solution and boiled for 5 min, and protein concentration was measured using a DC-protein assay (Bio-Rad). Protein extracts (50 g) were separated on 10% SDS/ PAGE Tris-glycine-gels (Invitrogen) and transferred to nitrocellulose membranes. Blots were immunostained overnight at 4°C with primary antibodies. Immune complexes were revealed using appropriate IR dye labeled secondary antibodies from Licor Biotechnology. Quantitative analyses of fluorescent IR dye signal were performed using an Odyssey Imager (Licor Biotechnology). For quantification, total ( phosphoindependent) protein signals were used as loading controls for each phospho-protein signal. Results were further normalized to respective control conditions to allow for comparison between separate experiments. The gels shown in the figures correspond to representative experiments, where each lane corresponds to a separate animal. The anti-phospho-GSK3␤ Ser9 polyclonal antibodies, as well as anti-phospho-ERK1/2 (Thr202/Tyr204), anti-total ERK1/2 were purchased from Cell Signaling Technology. Anti-GSK3␣/␤ clone 0011-A monoclonal antibodies were from Santa Cruz Biotechnology. Anti-SOCS3 antibody was purchased from Cell Signaling Technology. Anti-GSK3␣/␤ clone 0011-A monoclonal antibodies were from Santa Cruz Biotechnology. Anti-total-Akt monoclonal antibodies were obtained from Biosources.
Immunoprecipitation. The immunoprecipitation experiments were done by using Dynabeads standard protocol from Invitrogen. Galectin-3 antibody was first preincubated for 1 h with Dynabeads coupled with protein G. Then, 300 g of proteins from stroked brain were incubated overnight with the Dynabeads at 4°C. After several washes, 2ϫ SDS was added to the samples and incubated to 95°C for 10 min. Following an addition of DTT, samples were finally incubated at 95°C for 10 min. The eluate was collected using the magnetic device. As previously described, the eluate was run on a SDS-PAGE gel following a regular Western blot using the IGFR1 antibody (Cell Signaling Technology).
Cell cultures
Neonatal microglia. Primary cell cultures were obtained from the brains of PN1-PN4 WT and Gal3-KO pups. After death, the brain was removed and placed in ice-cold PBS. After mechanical dissociation, 5-6 brains are incubated in a 0.25% Trypsin-EDTA solution (Sigma) containing 250K U/ml of DNase I (Sigma). After centrifugation, the cells pellet was plated in T-75 cm 2 flask (Sarstedt) for at least 7 d at 37°C 5% CO 2 in DMEM high-glucose media with 10% fetal bovine serum and 1ϫ antibiotic antimycotic solution (Sigma). At confluence, the cells were plated in 24 wells plate at concentration of 10 000 cells/well in media. After 24 h, to allow adhesion, cells were incubated in a control serum free medium, an IGF-1 (50 ng/ml) (Cedarlane) supplemented serum free medium or in a mixture of IGF-1 (50 ng/ml) and tunicamycin (5 g/ml) (Sigma) serumfree medium for a period of 24 h.
Adult microglia. Adult C57BL/6 wild-type (WT) and Gal-3KO mice, age 5-6 weeks old, were used for these experiments. After death, the whole brain was extracted and placed in ice-cold Hibernate A medium (BrainBits) supplemented with B-27 (1ϫ) and 0.5 mM GlutaMAX-I, L-alanyl-L-glutamine (Invitrogen). Following mechanical dissociation, the digested tissues were softly triturated by up and down pipetting and the supernatant was collected and filtered through 40 m cell strainer (BD Biosciences). Then cells were separated using a discontinuous Percoll density gradient centrifugation. A stock isotonic Percoll (100%) was prepared by mixing nine parts of Percoll (GE Healthcare) with one part of 10ϫ HBSS. The gradient concentrations were prepared by diluting with Hibernate A medium containing EDTA (US Biological) and supplemented with B-27 and 0.5 mM GlutaMAX-I. Resultant cell suspension was centrifuged at 300 ϫ g for 10 min at room temperature, and the pellet was resuspended in 2 ml of 37% Percoll that was overlaid 2 ml of 70% Percoll in a 5 ml centrifuge tube and centrifuged at 600 ϫ g for 40 min at room temperature with slow acceleration and no stop-brake. Cells were collected from the interphase and washed in DMEM-GlutaMAX-I medium supplemented with 15% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin. The cell suspension from one mouse brain was plated in eight chambers on 8-chamber culture-treated glass slide with a culture area of 0.7 cm 2 /well (Becton Dickinson Biosciences) as 150,000 cells per well and incubated at 37°C in 95% air/5% CO 2 humidified culture incubator. After 24 h of plating, the cells were treated with 50 ng/ml IGF-1 (Cedarlane) in serum-free DMEM-GlutaMAX-I medium, and incubation was continued for another 24 h period.
Glutamate treatment of cells. Before separating, the crude cell homogenate was treated with 100 M glutamate (L-glutamic acid sodium saltSigma) in DMEM-GlutaMax-I culture medium at 37°C for 10 min. Glutamate-containing medium was aspirated and cells were washed three times with fresh culture medium and analyzed 24 h after acute exposure to glutamate.
Cell proliferation-imaging protocols. Cell proliferation was determined with the CyQUANT NF cell proliferation assay kit (Invitrogen) in accordance with manufacturer recommendations. After 1 h incubation, the 24 wells plates were place in an IVIS 200 Imaging System (XenogenCaliper). Images were collected using high-sensitivity CCD camera with wavelengths ranging from 300 -500 nm. The exposition time for imaging was 1 s using different field of views and f/1 lens aperture. The light output from specified region of interest was quantified by determining the total number of photons emitted per second using the Living Image 2.5 acquisition and imaging software (Xenogen-Caliper). Region-ofinterest (ROI) measurements on the images were used to convert surface radiance (photons/s/cm 2 /sr) to source flux or total flux of photons expressed in photons/seconds. The data were represented as pseudo-color images indicating light intensity (red and yellow, most intense), which were superimposed over grayscale reference photographs.
In vivo bioluminescence/biophotonic imaging. To obtained innate immune signals from the brains of living mice we crossed the toll-like receptor 2 (TLR2)-luc/gfp transgenic mice with the Gal-3KO mice and obtained the TLR2 reporter colonies in Gal-3KO background. As previously described in detail (Lalancette-Hébert et al., 2009; Cordeau and Kriz, 2012) , the images were gathered using IVIS 200 Imaging System (CaliperLS-Xenogen); 25 min before imaging session, the mice received intraperitoneal injection of D-luciferine (150 mg/kg; CaliperLS-Xenogen). ROI measurements on the images were used to convert surface radiance (photons/s/cm 2 /sr) to source flux or total flux of photons expressed in photons/seconds (p/s). The data were represented as pseudo-color images indicating light intensity (red and yellow, most intense), which were superimposed over greyscale reference photographs.
Flow cytometric studies. WT and Gal-3KO mice were anesthetized using 10% chloral hydrate and transcardially perfused with ice-cold 1ϫ HBSS to remove all blood from the nervous tissue. Brain samples were surgically removed and tissue was then mechanically dissociated and filtered through a 70 m cell strainer to obtain a single cell suspension [Becton Dickinson (BD)]. To isolate mononuclear cell fraction, the single cell suspensions were loaded on a 30 -37-70% Percoll tri-gradient (GE Healthcare) and centrifuged for 40 min at 200 -300 ϫ g. After centrifugation, the mononuclear cells from the 37-70% interface were recovered and stained with CD11b conjugated with allophycocyanin (APC) [Becton Dickinson (BD)]. Samples were then analyzed on a flow cytometer FACStar Plus or FACS Canto Cytometer (BD). Cells were gated using side and forward scatter to eliminate unviable cells and selected for viable cells. For proliferation analysis, mice were injected with BrdU (10 mg/kg, i.p.) twice daily 24 h after MCAO and killed 72 h following stroke. Mononuclear cells were isolated as described above and stained for CD11b-APC and BrdU-FITC according to BrdU flow kit protocol [Becton Dickinson (BD)]. Non-BrdU treated animals were used as negative controls.
Statistical analysis. All data are presented as mean Ϯ SEM. Statistical analysis was performed by one-way ANOVA followed by post hoc comparison test (Bonferroni test). p Յ 0.05 was considered statistically significant.
Results
Galectin-3 is expressed in activated microglial cells localized in the ischemic lesion
In physiological conditions, ramified microglial cells exert resting/quiescent and/or surveillance phenotypes (Hanisch and Kettenmann, 2007) . In response to injuries, including cerebral ischemia, microglial cells become activated, proliferate, and change morphology. While the ramified/resting microglial cells are positive for the Iba-1 marker (general marker of microglia), in normal, physiological conditions quiescent microglial cells are devoid of any galectin-3 immunoreactivity ( Fig. 1 A, B) . After stroke, Iba-1-positive microglial cells were found in both hemispheres with a more pronounced expression in the stroke area ( Fig. 1 D, F ) . Seventy-two hours after stroke, immunohistological analysis revealed a strong increase in galectin-3 immunoreactivity ( E). Interestingly, the expression of galectin-3 was restricted to microglial cells that acquired amoeboid morphology and were almost exclusively present within and/or closely surrounding the site of ischemic lesion (Fig. 1 E, G) . As shown in Figure 1 H-J, the high-magnification confocal microscopy images reveled that galectin-3 immunostaining indeed colocalized with Iba1, thus further suggesting rather selective induction of galectin-3 in microglial cells.
Galectin-3 is required for microglia activation
Galectin-3 has been proposed to have multifaceted functions in many pathological conditions, including modulation of innate and adaptive immune responses in peripheral immune cells (Sato et al., 2002; Sato and Nieminen, 2004; Nieminen et al., 2005; Lalancette-Hébert et al., 2007; Rotshenker, 2009) , however, its role in brain immune response remains unclear. Because the above presented results suggest that galectin-3 is abundantly expressed in the injury-activated but not in the resting microglial cells, we next examined whether galectin-3 is involved in the injury-induced microglial activation. The effects of galectin-3 were first evaluated in in vitro conditions, by using purified microglia cell culture systems. As described in detail in Materials and Methods, the adult primary microglial cells were derived from the cortexes of the 2-3-month-old WT and Gal-3KO mice.
To examine the effects of galectin-3 on microglial activation in an acute injury model, the primary microglial cells from WT and Gal-3KO mice were treated with 100 M glutamate for 10 min. The microglia activation profiles were analyzed 24 h following initial glutamate stimuli. As shown in Figure 2 A-D, the adult, Iba1-positive microglial cells in normal culture conditions express low levels of galectin-3 and the TLR2. Analysis of the WT microglia activation profiles revealed that 10 min exposure to 100 M glutamate induced a robust upregulation of microglia activation markers such as TLR2, galectin-3, as well as Iba1 (Fig 2 E-G) . Further analysis revealed that the majority of WT adult primary microglial cells in response to acute glutamate treatment upregulate and coexpress all three glial activation markers (Fig 2 H) . The analysis of the glutamate-induced activation profiles in Gal-3KO primary microglial cells revealed, however, rather intriguing results. While Iba1 expression levels were comparable between WT and Gal-3KO microglia (Fig 2 I, M ) , contrary to WT cells, the adult microglial cells derived from the brains of Gal-3KO mice did not upregulate TLR2 (Fig. 2 K, O,P) following acute glutamate treatment. Here, it is important to mention that we also analyzed additional markers of microglial activation such as CD68. In both WT and Gal-3KO primary microglia, the baseline expression levels and induction patterns for CD68 followed and were almost identical with the TLR2 expression patterns. Thus, due to the space limitations we did not show photomicrographs. However, as demonstrated in Figure 2Q , statistical analysis revealed that contrary to WT cells the Gal-3KO microglia did not upregulate CD68 after glutamate-induced injury. Together, these data suggest that in in vitro model of an acute injury galectin-3 is instrumental for early induction of microglial activation. Because defective microglial activation may significantly affect the evolution of the brain damage following stroke, we next examined whether galectin-3 is also required for injury-induced microglial activation in more complex in vivo conditions. Namely, we recently generated a transgenic mouse model (the TLR2 reporter derived from the cortexes of the 2-3-month-old mice express general Iba1 microglial cells marker (red) and low levels of microglia activation markers including galectin-3 (blue) and TLR2 (green). E-H, Acute 10 min exposure to 100 M glutamate induced marked increase in Iba-1, glaeticn-3, and TLR2 immunoreactivities in WT microglial cells. Majority of the activated microglial cells in culture coexpressed all three markers (H ). I-L, In basal conditions, the Gal-3KO primary microglia cells express similar levels of Iba-1 immunoreactivity as WT cells (red); however, we did not detect any TLR2 immunostaining (green). M-P, While short-term glutamate treatment induced a marked increase in Iba-1 staining, unlike WT microglia, the Gal-3KO microglial cells did not upregulate TLR2. (K, O) . Nuclear Dapi staining (blue) confirmed the presence of the viable cells (J, N ). Q, Densitometry quantification revealed significant increase in Iba-1 immunoreactivities 24 h after 10 min glutamate (100 M) treatment in both WT and Gal-3KO primary adult microglial cells. Contrary to WT microglia, the Gal-3KO microglial cells were completely devoid of any TLR2 and CD68 immunoreactivities in basal conditions and after glutamate treatment. Data are expressed as mean Ϯ SEM as average of at least 4 independent experiments. p values are presented in the graph. Scale bar, 50 m. mouse) (Lalancette-Hébert et al., 2009) in which reporter genes luciferase and GFP are coexpressed under transcriptional control of the murine TLR2 gene promoter. Importantly, in this mouse model, by using biophotonic/bioluminescence imaging and high-resolution CCD camera, we can visualize microglial activation/TLR2 response longitudinally from the brains of living reporter mice (Lalancette-Hébert et al., 2009 ). To validate whether defective microglial activation/TLR2 response occurs in Gal-3KO mice in vivo, we generated colonies of double transgenic Gal-3KO/TLR2 reporter mice and analyzed in real time TLR2 biohotonic signal induction in stroked TLR2/WT and TRL2/Gal-3KO reporter mice. We previously demonstrated that the imaged TLR2 biophotonic signals represent a valid measure of the TLR2 induction in microglial cells after stroke (Lalancette-Hébert et al., 2009 . As shown in Figure  3A -H, the WT and Gal-3KO reporter mice were subjected to MCAO and imaged for 7 d after initial stroke. Importantly, in concordance with our in vitro data, in vivo analysis of the TLR2 signal after stroke revealed a significant decrease in the signal intensity, a total photon emission after stroke in TLR2/Gal-3KO mice when compared with signals obtained from the stroked WT littermates (Fig. 3I ) . Together, our results suggest that presence of galectin-3 is required for an adequate injury-induced microglia activation and induction of the TLR2 response.
Galectin-3 deficiency is associated with defective microglial proliferation
One of the characteristic features of microglial activation after stroke is a marked increase in proliferation peaking 48 -72 h after initial ischemic injury. Therefore, to further decipher the role of galectin-3 in injury-induced microglial activation, we next asked whether defective microglial responses observed in previous experiments would also affect a potential of strokeactivated microglial cells to proliferate. Namely, we previously reported that the majority of the activated microglial cells in proliferation coexpress galectin-3 and IGF-1. The analysis was performed in WT and Gal-3KO mice. Importantly, the morphology of microglial cells as determined by Iba1 immunofluorescence was similar in WT and Gal-3KO brain sections (Fig.  4 A, B) , and the analysis of the flow cytometry staining (CD11b-APC) from the brain samples before stroke (naive brains) revealed no differences in the numbers as determined by FACS count for CD11b ϩ cells (WT: 33.2 Ϯ 2.2% cells, Gal-3KO: 30.6 Ϯ 3% cells, n ϭ 3, p ϭ 0.82) (Fig. 4 E, F ) . Evidence suggests that the brain response to ischemic injury is associated with a several fold increase in number of microglial cells due to a marked increase in the injury-induced proliferation. In accordance with previous studies, the flow cytometry analysis of the stroked brains in WT mice revealed a 2.4-fold increase in the number of CD11b ϩ cells after stroke (72 h after MCAO). However, the FACS counts showed a significant decrease in numbers of CD11b ϩ microglial cells in Gal-3KO mice compared with the ischemic brain sections from WT littermates (Fig. 4C,D) . Namely, the analysis revealed Ͼ6-fold decrease in numbers of CD11b ϩ microglial cells after stroke in
Gal-3KO when compared with WT brains (CD11bϩ cells WT: 14.5 Ϯ 2.1% cells, Gal-3KO: 2.1 Ϯ 0.52% cells, n ϭ 5, p Ͻ 0.0001) (Fig. 4 M) . Because at present the exact functional role of galectin-3 in microglial response to brain ischemia is unclear, we next investigated whether observed decrease in the numbers of microglial cells is due to a defective proliferative 
general marker of microglial cell (green), is expressed in normal brain in WT (A) and
Gal-3KO (B) mice. E, F, In the basal control conditions, no difference in the number of microglial cells is found between WT and Gal-3KO brain samples as seen by CD11b-APC flow cytometry staining (WT: 33.2 Ϯ 2.2% cells, Gal-3KO: 30.6 Ϯ 3% cells, n ϭ 3, p ϭ 0.82) (E, F ). C, D, Seventy-two hours after MCAO, Iba-1-positive microglia change in morphology and appear to be in less numbers Gal-3KO compared with WT mice. G, H, Representative photomicrographs of Iba-1 (in red) and BrdU (in green) staining in WT (G) and Gal-3KO (H ) mice show colocalization between both markers in greater amount in WT mice. I, J, Double immunofluorescence staining revealed no colocalization between the microglial marker CD11b and the cleaved caspase-3 staining. K-M, Isolated brain mononuclear cells were analyzed using 2-color flow cytometry. Cells were gated using side and forward scatter to include viable cells and were analyzed for the of CD11b and BrdU expression in WT (K ) and Gal-3KO (L) tissues 72 h after MCAO. Flow cytometry analysis shows that there is a significant decrease in the number of CD11bϩ cells in Gal-3KO as compared with WT after stroke (CD11bϩ cells WT: 14.5 Ϯ 2.1% cells, Gal-3KO: 2.1 Ϯ 0.52% cells, n ϭ 5, ***p Ͻ 0.0001). The number of proliferating microglia (CD11b-high/BrdUϩ population) in Gal-3KO mice is also significantly reduced as compared with WT (WT: 6.4 Ϯ 1.2% cells, Gal-3KO: 1.6 Ϯ 0.3% cells, n ϭ 5, **p Ͻ 0.001). Scale bars: A, 100 m; C, 50 m; G, 25 m.
response or whether it is a consequence of an increase in glial cell death/apoptosis. We first analyzed the rate of microglial proliferation after stroke. BrdU was injected to WT and Gal-3KO mice and the number of proliferating CD11b ϩ microglial cells was quantified 72 h after initial injury using BrdU-FITC Proliferation kit, BD Biosciences. We have previously demonstrated that 72 h represent an optimal timewindow to analyze microglial proliferation after stroke. The Iba-1: BrdU double immunofluorescence analysis confirmed that most of the BrdU ϩ cells were also Iba-1 ϩ microglial cells in WT and Gal-3KO brains, suggesting that the majority of proliferating cells in the stroke lesion were indeed microglial cells (Fig. 4G,H) . The two-color flow cytometry analysis revealed that there was a significant decrease in numbers of CD11b ϩ /BrdU ϩ cells in Gal-3KO mice compared with the ischemic brain from WT littermates (WT: 6.4 Ϯ 1.2% cells, Gal-3KO: 1.6 Ϯ 0.3% cells, n ϭ 5, p Ͻ 0.001) (Fig. 4K-M) . Next, we analyzed whethergalectin-3deficiencyisassociatedwithanincreaseinnumberof dying/apoptotic microglial cells. The double immunofluorescence analysisofthebrainsectionsfromGal-3KOandWTmiceat72hafterstroke revealed no colocalization between the cleaved caspase-3 and the CD11b immunoreactivities (Fig. 4I,J) , thus suggesting that marked reduction in the number of microglial cells observed in Gal-3 KO mice is rather due to a defective proliferation than apoptotic cell death.
Absence of galectin-3 exacerbates ischemic damage and neuronal apoptosis after cerebral ischemia
Proliferating and IGF-1/galectin-3 expressing microglial cells have been associated with neuroprotective phenotypes. To determine whether defective microglial proliferation and galectin-3 deficiency exacerbate ischemic injury, we next analyzed the size of ischemic lesions in WT and Gal-3KO mice. As shown in Figure 5 , A and B, the analysis of the stroke region by TTC staining, 72 h after MCAO, revealed a 25% increase in the size of the ischemic lesion in Gal-3KO mice when compared with WT control mice (WT: 42.6 Ϯ 4.13% n ϭ 24, Gal-3KO: 67.6 Ϯ 8.13, n ϭ 6, *p ϭ 0.0166). Furthermore, the analysis of the cleaved caspase-3 immunoreactivity revealed a 2.2-fold increase in the number of apoptotic cells (Fig. 5I) , n ϭ 4, **p ϭ 0.0019). Double immunofluorescence analysis revealed a strong colocalization between cleaved caspase-3 and NeuN, a marker of neurons, in WT ( Fig. 5C-E ) and in Gal-3KO (Fig. 5F-H) , thus suggesting that the majority of apoptotic cells were neurons. Intriguingly, the response to brain ischemia observed in Gal-3KO mice carried a strong resemblance with the brain response to ischemic injury previously observed in the CD11TK mouse model with ablated resident microglia proliferation (Lalancette-Hébert et al., 2007) .
Gal-3KO microglial cells are not responsive to IGF-induced mitogenic signals
IGF-1 is a potent mitotic factor for resident microglial cells (O'Donnell et al., 2002) . Based on the results of our previous study, where we demonstrated that proliferating microglial cells coexpress galectin-3 and IGF-1 and consequently the ablation of proliferating microglia was associated with significant decrease in IGF-1 and galectin-3 levels, we hypothesized that defective microglial proliferation observed in stroked Gal-3KO mice may be caused by alterations in IGF-1 levels (O'Donnell et al., 2002 , Lalancette-Hébert et al., 2007 Ohtaki et al., 2008) . Therefore, by using the RayBiotech mouse antibody arrays designed for detection of IGF-1, IGF-2, and the distinct members of the IGF-binding protein family (IGFBP), we analyzed changes in levels of the IGF protein family after stroke in WT and Gal-3KO mice. Here it is important to mention that IGFBP-3 is the most abundant protein and accounts for more than 80% of all IGF binding. Contrary to our expectation, when compared with controls, the protein levels of IGF-1, IGF-2 as well as IGFBP-2,3 were significantly increased after stroke in Gal-3KO mice (Fig. 6A-D) , suggesting an early deregulation of the IGF-1 system axes in galectin-3 deficient mice in response to ischemic injury. The observed differences in the expression profiles of IGF-1 and related proteins found in ischemic Gal-3KO brains led us to investigate in more details the underlying mechanisms of the IGF-1/galectin-3 interaction in injury-induced microglial proliferation. As previously described, the mitotic effects of the IGF-1 were tested on primary microglia cell derived from the brains of P1-P4 and 2-3-month-old Gal-3KO and WTs. The galectin-3 deficient and WT primary microglia cultures were exposed to IGF-1 stimuli, and the subsequent proliferative response was quantified in vivo using fluorescence imaging (Fig. 6E-H) . As shown in Figure 6E , addition of recombinant IGF-1 in cell culture medium induced proliferation of WT cells with a significant 13% increase in the total number of cells (***p Ͻ 0.0001). In contrast, the Gal-3KO cells were not responsive to IGF-1 (see representative images, Fig.  6F,H) . The IGF-1-mediated microglial proliferation was also blocked by a selective N-glycosylation inhibitor, tunicamycine (Fig. 6E) . Namely, it has been established that N-glycosylation is required for proper expression of IGF-R1 on the cell surface (Carlberg et al., 1996) . The adequate surface expression of the IGF-R1 may represent a first sequence of events in the IGF-1-mediated and injury-induced microglial proliferation. Because evidence suggests that neonatal microglial cells have different functional properties and may exert different responses to distinct stimuli, we also tested the mitotic potential of IGF-1 on primary microglial cells derived from 2-3-month-old WT and Gal-3KO mice. Importantly, as revealed in Figure 6 , G and H, microglia derived from the adult 2-3-month-old WT and Gal-3KO brains exerted a similar response to IGF-1/ galectin-3 mediated proliferation as microglial cells derived from P1-P4 brains. Namely, the quantitative analysis of in vivo fluorescence signal showed that contrary to WT microglia, the adult Gal-3KO microglial cells derived from 2-3-monthold mice were not responsive to IGF-1 (Fig. 6G,H ) . Further, we investigated how IGF-1 signaling and function of IGF-R1 may be affected in the context of galectin-3 deficiency. Recent work by Partridge et al. (2004) suggests that the interaction of galectin-3 with N-linked glycans attached to various growth factor (GF) receptors enhances GF-induced signal transduction. The persistent retention of ligand-receptor complexes on the surface by galectin-3 alters the receptor dynamics, thereby promoting GF-initiated signaling. Indeed, when the lysates of poststroked brains of WT mice were immunoprecipitated with anti-galectin-3 antibody, IGF-R1 was coimmunoprecipitated with galectin-3 (Fig. 6I,J) and detected using anti-IGFR1 monoclonal antibody, suggesting that galectin-3 interacts with IGF-R1 in vivo. We next investigated whether the downstream of IGF-1 signaling transduction pathways and synthesis of cytokines were directly affected by galectin-3 deficiency and thus involved in modulation of the ischemia-induced microglial proliferation.
Galectin-3 deficiency leads to overexpression of IL-6 and induction of suppressor of cytokines signaling 3
To determine whether galectin-3 deficiency leads to changes in profiles of proinflammatory cytokines, we analyzed protein levels , D) , major IGF-1 binding proteins, were significantly increased in the stroked brains of Gal-3KO mice at 6 and 24 h (*p ϭ 0.05, **p ϭ 0.001). E, G, Primary cells culture experiments show a 10 -13% increase in the number of cells after the exogenous addition of IGF-1 (50 g/ml) in the WT culture. No significant difference was obtained in Gal-3KO culture in the presence of IGF-1. A similar effect was observed with the addition of the N-glycosylation inhibitor tunicamycine (5 g/ml). Striped bar represents a baseline fluorescence levels obtained from in vivo imaging (F ). F, H, Representative images of the cell proliferation quantitative assay using a fluorescent marker, CyQuant NF. The images were obtained with an IVIS 200 Imaging System 24 h after stimulation with IGF-1 and/or tunicamycin in neonatal primary microglial cultures (F ) and in adult primary microglial cell cultures derived from the brains (cortex) of 2-3-month-old WT and Gal-3KO mice (H ). I, J, Coimmunoprecipitation experiments using mouse monoclonal anti-galectin-3 antibody preincubated with Protein G magnetic beads revealed interaction between IGF-1 receptor and galectin-3.
of IL-1␤, IL-6, and TNF-␣ at 24 and 72 h after stroke. We were in particular interested in potential alteration in the IL-6 levels since recent evidence suggests that galectin-3 exerts its functions primarily through the JAK-STAT pathway (Jeon et al., 2010) . As shown in Figure 7 , analysis of protein signals at 24 h following MCAO revealed a small decrease in the levels of IL-1␤ and the small increase in TNF-␣ protein level in Gal-3KO mice as compared with WT controls. However, contrary to relatively subtle changes in the levels of IL-1␤ and TNF-␣, we observed more than a twofold increase in the levels of IL-6 in the ischemic brains of Gal-3KO mice. Moreover, while at 72 h after stroke levels of IL-1␤ and TNF-␣ were corresponding to controls, IL-6 protein levels stayed significantly upregulated in the ischemic brains of Gal-3KO mice (Fig. 7A-C ) (***p Ͻ 0.0001). Since growing evidence suggests a crosstalk and synergy between IL-6 and IGF-R1, we further analyzed downstream IGFR1-mediated signaling events (Abroun et al., 2004; Sprynski et al., 2009) .
Here, it is important to mention that in addition to the canonical IGF-R1 signaling through mitogen activated protein kinase (MAP kinase) and phopshatidylinositol-3 kinase (PI3K) pathways, IGF-1 receptor can also activate JAK /STAT pathway (strongly induced in stroke and shared by cytokines such as IL-6). Activation of JAK/STAT pathway leads to induction of suppressors of cytokines signaling molecules (SOCSs), in particular SOCS3 (Tan and Rabkin, 2005) . The functional role of SOCS3 is to act as negative feedback inhibitor of the JAK/STAT pathway by avoiding STAT3 phosphorylation (Krebs and Hilton, 2001; Himpe and Kooijman, 2009) . As shown in Figure 7D , the analysis of the total protein brain extracts revealed significant increase in the levels SOCS3 in the stroked brains of Gal-3KO mice. The SOCS1 levels were not changed (data not shown). We next investigated how/whether galectin-3 deficiency affected activation patterns of the two canonical IGF-1 signaling pathways the Raf/MEK/ERK (MAP kinase) and the PI3K/Akt/GSK3 (PI3K) pathways. Contrary to observed overactivation of the JAK/STAT pathway in Gal-3KO mice, the analysis of the total protein brain extracts from the stroked brains revealed no difference in Gal-3KO and WT mice in the phosphorylation levels of ERK1/2 and GSK3␤, the end effectors of the MAP kinase and PI3K pathway, respectively (Fig. 7 E, F ) , suggesting that the two canonical IGF-R1 signaling pathways were not affected by galectin-3 deficiency. Together, our results suggest that galectin-3 deficiency leads to a defective IGF-R1-mediated mitogenic response, an overexpression of IL-6, and an overactivation of JAK/STAT pathway followed by upregulation of a feedback inhibitor SOCS3, which in terms may block the STAT3-mediated prosurvival effects of IGF-1 and may negatively regulate IGF-1-mediated microglial proliferation. Finally, as revealed in Figure 7 , G and H, defective IGF-1/Gal-3-mediated proliferative response of microglial cells observed in Gal-3KO mice after stroke was accompanied by a significant compensatory increase in M-CSF and GM-CSF levels. M-CSF and GMCSF are the two major colony stimulating factors and chemokines involved in the regulation of proliferation of peripheral monocytes and resident microglia (Raivich et al., 1991 (Raivich et al., , 1994 Lee et al., 1994) . Importantly, the mice deficient in M-CSF and GM-CSF signaling also exert defects in microglia colony proliferation (Raivich et al., 1991 (Raivich et al., , 1994 . Hence, based on our results we may conclude that following acute ischemic injury, more than 50% of microglial activation/proliferation is mediated via galectin-3/IGF-1 axis, while the remaining proliferative response observed in Gal-3KO mice is likely modulated by a compensatory increase in the levels of promitotic colony stimulating factors M-CSF and GM-CSF. Galectin-3 deficiency is associated with overexpression of IL-6 and induction of SOCS3. Increase in protein levels of proinflammatory cytokines 24 and 72 h after MCAO. A-C, Brain lysates were generated and the presence of key inflammatory cytokines was determined using a cytokine array (RayBiotech). While IL 1-␤ was downregulated, galectin-3 deficiency was associated with significant increase in the levels of IL-6 24 and 72 h after MCAO and the early increase in TNF␣ at 24 h. D, Overexpression of IL-6 was accompanied by an increase in the levels of SOCS3. Analysis of the end effectors of the canonical IGF-1 downstream targets revealed no changes in the phosphorylation of the end effectors of the canonical IGF-1 signaling pathways.E,F, There were no significant changes in the levels of phospho-ERK and pGSK3␤ levels between WT and galectin-3 deficient mice 72 h after stroke. G, H, Analysisofthebrainlysatesusingcytokinearraysfurtherrevealedthatgalectin-3deficiencywasassociatedwithanincreaseinM-CSFlevels 24 h after stroke while GM-CSF levels were increased 24 and 72 h after stroke (*p Ͻ 0.01; **p Ͻ 0.001; ***p Ͻ 0.0001).
Discussion
From the data presented in this study we propose that following brain ischemia galectin-3 acts as an important modulator of the injury-induced microglia activation and proliferation. We report here that galectin-3 deficiency is associated with (1) defective early microglia activation and innate immune response; (2) significant decrease in the number of proliferating microglial cells followed by a sixfold decrease in the total number of microglial cells after stroke; (3) significant increase in the size of ischemic lesion and an increase in the number of apoptotic cells, predominately neurons; (4) aberrant responses to IGF-1-induced mitogenic signals and inability of galectin-3 KO cells to proliferate in presence of IGF-1; and (5) overexpression of IL-6 and induction of suppressors of cytokines signaling 3 (SOCS3). Furthermore, our results suggest that the presence of galectin-3/IGF-R1 interaction appears to be necessary for IGF-mediated microglial proliferation in response to ischemic injury. Together, our findings indicate that galectin-3, expressed in activated microglial cells, is an important intrinsic modulator of microglial activation and IGF-1-mediated mitogenic signaling in the brain responses to ischemic injury.
Galectins are defined by conserved peptide sequence elements in the carbohydrate recognition domain (CRD) that mediates glycan binding. Galectin-3 is composed of the C-terminal CRD and the N-terminal nonlectin domain, which is involved in the oligomerization of galectin-3 upon binding to its glycan ligands on cell surfaces (Rabinovich and Toscano, 2009; Sato et al., 2009) . During innate and adaptive immune response, galectin-3 can be expressed by variety of immune cells at the periphery (Leffler et al., 2004; Rabinovich et al., 2007; Marth and Grewal, 2008; Yang et al., 2008; Rabinovich and Toscano, 2009 ). Galectin-3 binds to different surface glycosylated proteins, inducing immune cell activation, differentiation, and homeostatic programs (Rabinovich and Toscano, 2009 ). To date, however, most of the galectin-3 functions have been found and characterized in the peripheral immune system. Originally identified as a cell surface marker of inflammatory macrophages, galectin-3 is expressed and secreted by peripheral macrophages (Sato et al., 1993; Sato and Hughes, 1994) . Both adaptive and innate immunity are modulated by galectin-3. For example, through the formation of galectin-3 lattice with T cell receptor, galectin-3 increases threshold of antigen-inducing T cell activation (Demetriou et al., 2001 ). Galectin-3 also modulates cytokine responses to pathogen (Rabinovich and Toscano, 2009 ). For innate immune cells, galectin-3 is suggested to be involved in neutrophil migration in streptococcal pneumonia (Sato et al., 2002; Nieminen et al., 2008) . Once migrated, neutrophils are also activated by galectin-3, which results in degranulation of various layers of microbicidal factors (Yamaoka et al., 1995; Karlsson et al., 1998; Nieminen et al., 2005 Nieminen et al., , 2007 . For macrophages, galectin-3 is reported to induce chemoattraction of monocyte/macrophages (Sano et al., 2000) and participate in the alternative activation of macrophages (MacKinnon et al., 2008) . For both stromal and immune cells, various GF receptors clustering by galectin-3 on the surface alter the dynamics of GF receptors, leading to prolonged signaling because of delay in the ligand-induced receptor endocytosis that arrests the signal transduction (Dennis et al., 2009) .
While the role of galectin-3 is relatively well defined in peripheral immune cells, little is known about its role in the brain. Recent evidence obtained from Gal-3KO suggests that galectin-3 may have a role in the oligodendrocyte differentiation and the control of myelin integrity (Pasquini et al., 2011) . Furthermore, studies from Compte et al. (2011) reported potential role of galectin-3 in the modulation of cell motility in the rostral migratory stream. While galectin-3 is abundant activated microglia (Kriz et al., 2003; Lalancette-Hébert et al., 2007; Ohtaki et al., 2008; Comte et al., 2011; Satoh et al., 2011) , resting cells do not express galectin-3 and consequently there is no overt microglial phenotype in galectin-3-deficient mice in normal conditions (Figs. 1, 2) . However, after ischemic injury (within the first 72 h), there is a robust upregulation of the expression of galectin-3 in the subpopulation of activated resident microglial cells, suggesting its role in microglial cells activation in CNS injury and/or degeneration (Lalancette-Hébert et al., 2007; Rotshenker, 2009; Yan et al., 2009) . Recent study on adult rat brains revealed that postischemic induction of galectin-3 may affect angiogenesis and neurogenesis (Yan et al., 2009) , and studies in neonates revealed that galectin-3 may contribute to hypoxic/ischemic injury (Doverhag et al., 2010) . While at present we cannot exclude the possibility that the absence of galectin-3 during early postnatal period may have affected susceptibility of the adult brain to ischemic injury (this particular issue may have been addressed by development of a novel conditional knock-out model), here it is important to mention that the results described by Doverhag et al. (2010) are in line and supportive of the current views that immature microglial cells have distinct functional properties in response to injuries and different pathologies. Studies by our group and others, on the other hand, have demonstrated that after ischemia galectin-3 is induced in the subpopulation of neuroprotective, proliferating microglial cells that also express IGF-1 (Lalancette-Hébert et al., 2007; Ohtaki et al., 2008) . In addition, results of our recent work have strongly suggested that galectin-3 may have a role in modulation of microglial cell proliferation in response ischemic injury (Lalancette-Hébert et al., 2007) . This possibility has been further supported in the present study. Namely, our results show Ͼ3-fold reduction of proliferating microglial cells in ischemic brains of Gal-3KO mice. Moreover, the results from our present study revealed that in addition to microglial cell proliferation, the presence of galectin-3 may be instrumental for an early induction of the injury-induced innate immune response/TLR2 signaling. While previous studies reported that galectin-3 is required for the recognition of pathogenassociated molecular patterns (PAMPs) to TLRs (DebierreGrockiego et al., 2010), our results for the first time showed that galectin-3 may also be required for proper induction of the innate immune response after ischemic injury. Although at this time the effects of galectin-3 on other cells types should not be neglected and/or excluded (Pasquini et al., 2011) , our results suggest that early after stroke galectin-3 may represent a major immunomodulatory molecule that coordinates processes of injury-induced microglial activation and proliferation. Namely, the results of our present study revealed that galectin-3 deficiency was associated with a marked deregulation of the IGF-1 system responses to injury as well as the inability of Gal-3 KO microglial cells to proliferate in response to IGF-1-mediated mitogenic signals (Figs. 6, 7) . Previous works suggest that upon binding to glycans attached to GF receptors, oligomerized galectin-3 molecules crosslink GF receptors at the surface and delays their removal by endocytosis, resulting in prolongation of GF signaling (phosphorylation of Erk and nuclear translocation in cancer cells) (Partridge et al., 2004; Mendelsohn et al., 2007) . Here, it is important to mention that our in vitro and in vivo results further support this view, suggesting that similar molecular mechanisms (galectin-3 interaction with IGF-R1) may be in-volved in IGF-1-mediated and injury-induced proliferation of microglia cell after ischemic injury.
Although within the first 48 -72 h after stroke, the analysis of downstream events have not revealed changes in the phosphorylation of the end effectors of the canonical IGF-1 MAP kinase and PI3K signaling pathways, we observed an overexpression of IL-6 and significant increase in the level of SOCS3, suggesting an overactivation of JAK/STAT3, a shared signaling pathway for IGF-1 and IL-6. These data are in agreement with previous work by Jeon et al. (2010) , who demonstrated that galectin-3 may exert its functions primarily through the JAK-STAT pathway. Together, our results indicate that galectin-3 deficiency leads to a defective microglia activation and defective IGF-R1 signaling/mitogenic response in microglial cells, and likely compensatory overexpression of IL-6 (Abroun et al., 2004) . This may lead to an overactivation of JAK/STAT pathway and upregulation of a feedback inhibitor SOCS3 (Wormald et al., 2006) . Early after stroke, the observed upregulation of SOCS3 may block the STAT3-mediated prosurvival effects of IGF-1 and negatively regulate IGF-1-mediated microglial proliferation. Our results also suggest that remaining injury-induced microglial proliferation is likely regulated by the M-CSF and GM-CSF shown to be upregulated in the context of galectin-3 deficiency (Fig. 7) .
In conclusion, microglial activation and proliferation are a hallmark of many CNS injuries, including stroke and brain trauma. However, the underlying molecular mechanisms that modulate microglial activation and proliferative response after injuries remain unclear. Based on our results, we propose that galectin-3 plays an important role in mediating early microglial activation/TLR2 induction. Moreover, our results suggest that in addition to established mitogenic signals, the colony stimulating factors such as GM-CSF and M-CSF (Raivich et al., 1991 (Raivich et al., , 1994 Lee et al., 1994) , galectin-3, in concert with IGF-1, may act as an important endogenous modulator of injury-induced microglial proliferative response after stroke.
